Gob-side entries in deep coal mines can be subjected to dynamic loading when driving along the goaf. e effects of this dynamic loading and improved ground support requirements are investigated in the Gaojiabao Coal Mine, China. Numerical modeling is first used to simulate the deformation characteristics of rock surrounding the gob-side entry under dynamic load with the original support design. Dynamic loading in this scenario causes continual deterioration in rock properties, and deformation accumulates as the number of dynamic loads increases. erefore, the overall strength and rigidity of the bolt support design need improvement, especially in terms of using yielding bolts that assist in releasing unnecessary support loads. e deformation characteristics of the rock surrounding the gob-side entry are combined with the concept of coupled pressure support to provide an optimized bolt support design. e support effects of the optimized design are then also numerically simulated and compared with the original support design. Deformation in the optimized design is significantly reduced, and roadway control is improved. Finally, the optimized design is applied and measured in a gob-side entry excavation. e field test results show that the potential for loosening, deformation, and failure of the surrounding rock is effectively controlled.
Introduction
Deep mining [1] is characterized by high ground pressure, which strongly affects underground conditions in deep coal mines. Deep coal mines can also be influenced by the impact of dynamic loads, which can lead to rock burst conditions in rock surrounding gob-side entries [2] [3] [4] [5] [6] [7] [8] . is in turn creates difficulties in designing and implementing adequate ground support. In recent years, many new studies have been conducted on surrounding rock deformation mechanisms and support strategies in relation to dynamic loading [9] . Qi et al. [10] defined rock burst as the phenomenon in which deformation energy stored by coal and the rock mass around a mine shaft and stope is released violently. Cook [11] found that the surrounding rock support system in roadways in South African coal mines is out of balance and the rock mass fails as a result of increasing mining depth. In such cases, energy is released during the failure of the coal and rock mass, which exceeds the amount of energy consumed, leading to the production of ground stress. Other studies have examined rock fracture instability and rock burst, based on catastrophe theory [12, 13] . He et al. [14] established a layer crack plate model of rock burst in a roadway in accordance with previous research. en, by examining the deformation characteristics of the surrounding rock support system subjected to dynamic loading, it was shown that bolt support of burst-prone rock should have a certain yielding capacity. e abilities of such bolt support have also been studied, the results of which relate to an improved design method involving energy measurements for rock burst in roadways [15] to preempt rock burst conditions. e propagation mode and attenuation characteristics of vibration energy caused by seismic waves underground have also been studied [16] . e study focused on energy and stiffness theory in the analysis of rock failure in a coal mine roadway under the combined action of dynamic and static loads. e above studies have examined the source of rock burst and roadway support [17, 18] in areas prone to such, but the deformation mechanism of gob-side entry driving (i.e., the impact of dynamic loading) needs further study to provide theoretical guidance for surrounding rock control and support. At the same time, the ground influences and mechanisms of dynamic loading need to be verified. is paper presents a study of the deformation mechanism in rock surrounding a gob-side entry subjected to dynamic loads [19] in the Gaojiabao Coal Mine. Designs of bolt support parameters for controlling the surrounding rock along the goaf in this deep mine are also presented.
Engineering Background
Gaojiabao Coal Mine is located in Binchang Mining Area, Shanxi Province, China. e mining depth is >1000 m, the average thickness of the coal seam is 11.77 m, and the seam dips at 5°. e mine is subject to high in situ stresses. e southern part of the 103 and 101 working faces is mined completely, and the distance between the 103 working face and 101 goaf is 8 m. A downhole position schematic diagram of the working face and goaf layout is shown in Figure 1 . Gob-side entry roadways can be affected by mining at the last working face because of the large burial depth and ineffective support. During roadway excavation, there is obvious deformation of the surrounding rock, bolt breakage, bending deformation, and failure of steel strips [20] , amongst other support issues. e main coal seam #4 has a strong tendency to burst, and the overlying strata undergo fracturing. Under the combined action of impact dynamic load and mining stress, the deformation of surrounding rock can become severe and the support requirements will increase.
As the intensity of coal mining increases, shallow coal seam mining is decreasing, and more mines are entering deeper parts of their respective rock mass. As such, more rock bursts [21, 22] are expected in such mines, and the additional dynamic loading can lead to technical problems related to accumulation of deformation along gob-side entry roadways. erefore, it is important to study the damage degradation and deformation failure mechanisms in rock surrounding the gob-side entry under dynamic loading. As such, the design of bolt patterns and parameters for the gobside entry has important theoretical and practical significance for support design in deep coal mines under these conditions.
Numerical Simulation of Surrounding Rock Deformation
FLAC3D software uses finite element modeling to simulate the mechanical behavior of soil, rock, and other materials. It can accurately demonstrate the process of material yield, plastic flow, softening, and failure. FLAC3D was used in this study to simulate conditions of the 103 gob-side entry roadway at Gaojiabao Mine under dynamic loading. e deformation and failure mechanism of the surrounding rock was also studied, providing a theoretical basis and support for the determination of support design.
Establishment of Numerical Model.
e three-dimensional numerical calculation model of the 103 gob-side entry was established in FLAC3D 5.0 (Itasca Consulting Group, Inc., USA) using a model of 300 × 140 × 60 m. e roadway length was set at 100 m, the width at 5 m, and the height at 3.5 m. e left goaf of the roadway is arranged in 3D (X, Y, Z) with values in the range of − 100-0 m (X), 20-120 m (Y), and 0-6 m (Z). According to the conversion relationship between bulk density and density, combined with the parameters in Table 1 , the vertical stress is 22 MPa. e X and Y directions of the model are constrained by horizontal displacement, the bottom boundary is constrained by vertical displacement, the top of the model is a free boundary, and the upper boundary is loaded at 22 MPa. A horizontal stratification model is adopted because of the low dip angle of the coal seam. e stratification is, from bottom to top, aluminous mudstone, mudstone, coal seam, mudstone, and fine sandstone.
Numerical Simulation of Deformation under Dynamic
Load. Mines subjected to dynamic loading, such as overlying high-level strata fracturing, can frequently experience rock burst and other dynamic phenomena. Roadways are constantly subjected to impact loading during the service period of the roadway, resulting in the surrounding rock experiencing multiple dynamic loads. erefore, the deformation caused by multiple dynamic loads can be simulated and calculated but is limited in terms of simulation time and workload. is paper only simulates the deformation of surrounding rock under finite dynamic loads. e existing technical means and observation conditions cannot completely describe the dynamic load situation in the mine because of the complexity of the actual mine and the frequent vibrations that occur. e model is simplified by making use of the theoretical simple harmonic wave in simulating the dynamic load impact in the mine. e equation of the vibration wave is as follows: Advances in Materials Science and Engineering
where A is the amplitude, frep is the frequency, and dytime is the calculation time. In the simulation, the dynamic load impact is applied on the upper part of the modeled coal seam. After the first dynamic load calculation is completed, the dynamic load is applied again at the same position for the second calculation. e objective conditions and simulation time are limited, meaning that the calculation times cannot be repeated indefinitely. Here, only 10 dynamic load calculations are carried out for roadways to reflect the cumulative deformation [23, 24] and variation trend in the rock surrounding the roadways. Four monitoring points were arranged: at the roof, the floor, and at the two sides of the roadway (Figure 2 ). A monitoring surface was set every 5 m over the range of 20-120 m in the Y-direction to record and analyze the displacement and deformation velocity in the surrounding rock. A large amount of data were generated, and as such only the simulation results of displacement and deformation velocity after 1, 6, and 10 dynamic loads are analyzed here.
Characteristics of the Plastic Zone during Dynamic
Loading.
e plastic zone of the surrounding rock after one, six, and ten dynamic load impacts was analyzed, as shown in Figures 3 and 4 .
From Figures 3 and 4 , it can be seen that the plastic zone increases gradually with an increase in the number of dynamic loads. However, this trend decreases after the sixth dynamic load. e plastic zone on the side of a small roadway pillar is larger than that of the roof, floor, and coal seam. It can be expected that, under the frequent impact of dynamic loads, the plastic zone will gradually become larger, and the mechanical performance of the rock will continue to deteriorate, resulting in gradually increasing deformation that could potentially lead to complete failure.
Displacement Response of Surrounding Rock.
Displacement response diagrams for the surrounding rock under dynamic loading are shown in ese diagrams show that, in the initial stage of dynamic load calculation, the displacement of the roadway oscillates but gradually oscillates less over time. Table 2 presents displacement monitoring data from the roadway after one, six, and ten dynamic loads. e data show that displacement increases with increasing dynamic loads in both the X-and Z-directions. e displacement and deformation of the monitoring point on the left side of the small coal pillar are the largest, likely because it is affected by two working faces. As such, the small pillar side is a key point of support in gob-side entry roadways in deep coal mines. Figure 5 shows that deformation in the surrounding rock increases during the initial stage of dynamic loading in the X-direction but decreases after six dynamic loads. Displacement in the Z-direction is uncontrolled under multiple dynamic loads, showing a strongly oscillatory trend. is indicates that the roadway roof and floor may be damaged after multiple dynamic loads. For example, after simulation of three dynamic loads, it was found that the fluctuation in Z-direction displacement was strongly oscillatory, suggesting that the roadway roof and floor could be destroyed after only three dynamic loads.
Frequent dynamic loading of the mine results in a gradual increase in deformation of the roadway surrounding rock, and total deformation is significant. If the strength and stiffness of the bolt support system are insufficient, or the allowable deformation of the support system is too small, then continued dynamic load impacts will result in the roadway support system becoming ineffective or potentially destroyed.
Deformation Velocity Response.
When simulating the impacts of dynamic loading of the roadway, the deformation law and characteristics can be analyzed in terms of the vibration deformation speed of monitoring points subjected to the dynamic loads. e simulation results of deformation velocity response at monitoring points after 1, 6, and 10 dynamic loads are shown in Figures 8-10 .
From Figure 10 , it can be seen that the deformation speed of each monitoring point is intense under several Table 1 : Lithologies and petrophysical parameters of the roof and floor.
Lithology initial dynamic loads, followed by a gradual decrease over time. However, because the roadway will undergo multiple dynamic loads during the service period, deformation of the surrounding rock (i.e., the plastic zone) will gradually shift to greater depths. It is expected that such deformation of the roadway along a goaf will accumulate continuously, and the total deformation will be significant. erefore, the support design of a roadway along a goaf in a deep mine, such as the Gaojiabao Coal Mine, requires an increase in the overall stiffness and strength of the bolt support system to prevent excessive deformation. It is also required that the flexibility of the bolt support system is increased by using yielding bolts and yielding cable anchors [25] . Such a bolt support system will not only ensure high support strength and stiffness but also allow for deformation to occur without compromising the anchors. is support system will therefore be adapted to the actual situation of large deformation in rocks surrounding deep mine gob-side entries subjected to dynamic loads and ensure effective stability.
Support of Rock Surrounding the Gob-Side Entry
In view of the characteristics of large-scale damage of the surrounding rock and the severe deformation in rock surrounding the gob-side entry, it is necessary to adopt the overall balanced support method of high strength, high stiffness, and yield capacity. In other words, the support design is based on the concept of integrated coupling and equalizing pressure support [26] .
Integrated Coupling of High Strength Yielding Roadway
Support. Coupled equalizing pressure support refers to the coupling between individual support elements and surrounding rock and coupling amongst all support elements. As such, the various aspects of coupling are summarized as follows:
(1) Coupling between bolts and surrounding rock: the support strength and deformation performance of the bolt support system must be coupled with the surrounding rock to achieve stability (2) Coupling between the cable anchor system and surrounding rock: the load bearing and deformation performance of the cable anchor system must be coupled with the surrounding rock to achieve stability Advances in Materials Science and Engineering must be controlled so that the support system slowly yields under higher support strength rather than being allowed to freely yield (uncontrolled)
Parameter Optimization of Bolt Support.
After implementation of the original support scheme, some problems developed, such as low pretensioning forces applied to the bolts and cable anchors, low resistance of the bolts and cable anchors, and decoupling between the support offered by the bolts and cable anchors. is affected the roadway support. e bolt support design [27] of the gob-side entry at the 103 working face was carried out using the integrated coupling concept and took into account the length, pretensioning force, yield strength, elongation, and row spacing of bolts and cable anchors. Bolt lengths were designed to be 2.8 m based on the intended life-of-mine and the influences of mining processes. e impact of rock burst required that high-strength threaded steel with energy absorption capacity be used for bolts. In instances where the lengths of bolts were increased, the lengths of cable anchors were matched appropriately to achieve mutual coordination. e pretensioning force applied to each bolt was set at no less than 5 t. It should be noted that the yield point of the high-2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 
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strength yielding bolt is 17 t and the maximum range of elastic yield is 30 mm. e yield strength of the bolt body must be greater than 200 kN, and the maximum tensile strength of the bolt must exceed 240 kN. e specific optimization scheme is described below in five steps and is illustrated in Figure 11 .
(1) Roof: high-strength torsional stress yielding bolts were adopted for the roof. e bolt body is Q500 highstrength screw steel, 2800 mm in length, with a row spacing between bolts of 1000 × 1000 mm (each row contains 6 bolts). e anchor plates are high-strength spherical plates (150 × 150 × 10 mm) with a bearing capacity of >33 t. e roof surface was clad with a combination of weld mesh and W-shaped steel strips (2) Sidewalls: high-strength snake-shaped pressure-relieving bolts were adopted for both sidewalls. e bolt body is Q500 high-strength screw steel, 2800 mm in length, with a row spacing between bolts of 1000 × 1000 mm (each row contains 4 bolts). e anchor plates are highstrength spherical plates (150 × 150 × 10 mm). e sidewall surfaces were also clad with a combination of weld mesh and W-shaped steel strips (3) Roof cable anchors: for small coal pillar gob-side entries, 6500-8000 mm long steel strand was selected to maximize cable length but not result in insertion into the mudstone of the roof. is selection also took site geological conditions into account. Cable anchor lengths in the normal section of 7000 mm (21.8 mm diameter) were selected, with pretensioning forces of no less than 15 t. e row spacing between anchors was set at 1000 × 1500 mm (4) Cable anchor parameters: cable anchor lengths of 4500 mm were selected, with a diameter of 18.9 mm and row spacing between anchors of 1000 × 1500 mm. Pretensioning forces of no less than 10 t were applied (5) Surface support: a combination of bidirectional tensile plastic mesh and W-shaped steel strips was used, along with grouting for the side surface of the small coal pillar
Numerical Simulation of Surrounding Rock Control Effects on Optimized Support Plan

Simulation Scheme.
Simulations were undertaken in accordance with the model presented in Section 3.2. e vibration wave equation and the loading position were not changed, but the roadway supporting parameters were. en, dynamic loads under the optimized supporting scheme were simulated many times, and comparisons between the original support and the optimized support were analyzed.
Displacement and Deformation Characteristics under
Optimized Support Scheme. Ten iterations of dynamic loading of the gob-side entry driving were simulated with the optimized support scheme implemented. Note that the layout of monitoring points is the same as discussed in Section 3.2. Only the results from one, six, and ten dynamic loads are listed because of the large amount of data collected.
Displacement response data, for both original support design and simulated under optimized conditions, are summarized in Tables 3 and 4 . In terms of displacement response in the surrounding rock, it can be seen that, while the number of dynamic loads increases, there is a clear difference in the deformation of surrounding rock for the two designs (Figures 12-14 ). e differences are evident in both the vertical (Z) and horizontal (X) displacements. e deformation of surrounding rock under each dynamic load in the original support scheme is clearly larger than that when the optimized support scheme is implemented. Deformation under the original support scheme is also greater at each of the loading steps (1, 6, and 10) . Variation in deformation is also larger than that in the optimized scheme, and overall deformation also increases. Under the original support scheme, it is evident that the surrounding rock properties deteriorate after multiple dynamic loads. After adopting the optimized scheme, the bearing capacity of surrounding rock is effectively improved.
Velocity response data (Figures 15-17) show that the deformation speed in the roadway under the optimized support scheme is less than that under the original support scheme. is is true after multiple dynamic loads, in both horizontal and vertical directions. e optimized support scheme effectively controls deformation of the roadway and the surrounding rock.
Analysis of Support Effects in the Gob-Side Entry
By analyzing the maintenance status of the roadway entry bolts located along the 103 working face goaf, it was possible to quantify the deformation in the rock surrounding the roadway after implementing the optimized support scheme.
It was then possible to analyze the support performance of the cable anchors and evaluate the support effect relative to timing of installation. e adaptability of the bolt support parameters and support strength provided to the surrounding rock along the goaf was analyzed from underground stress monitoring data. From this, it is possible to provide the scientific basis for further optimization of the roadway support design.
Stress Monitoring Scheme.
Systematic monitoring of underground stress during driving and mining in the gobside roadway was achieved using three stations in the air return way. Monitoring of pretensioning forces and working resistance of bolts and cable anchors was also undertaken, as well as monitoring of rock deformation (surface displacement of the coal-rock mass). Station #1 is located 90-130 m along the coal from the 103 working face open-off cut. Station #2 is located ∼230 m from the 103 working face cutting hole (along a goaf ) and station #3 is located ∼300 m from the 103 working face cutting hole (along a goaf ). e layout of the stations is shown in Figure 18 . 
Analysis of Monitoring Results.
ree stations were arranged in the roadway to monitor multiple bolts and cable anchors. Only a small selection of monitoring data and analyses are presented because of the large number of dynamometers monitored. ese monitoring data are shown in Figure 19 .
e monitoring data reveal that the pretensioning force of the initial bolt is highest overall, with a maximum of 9.69 t, minimum of 1.53 t, and average of 5 t. is equates to 20.83% of its tensile strength. e pretensioning force of the initial installation of the cable anchor is also highest overall, with a maximum of 14.28 t, minimum of 6.63 t, and average of 11.48 t. is equates to 22.96% of its tensile strength. e higher pretensioning force increases the overall rigidity of the rock stratum in the anchorage range, effectively restraining harmful deformation in the shallow surrounding rock in time. is prevents the deepening of broken surrounding rock, thus improving the self-supporting ability of the rock.
Once the roadway is stabilized, the working resistance of bolts is generally 6-11 t, with an average of 8.96 t, which is 37.33% of the tensile strength of the cable anchors. e working resistance of the cable anchors is generally 14-20 t, with an average of 14.62 t, which is 29.24% of the tensile strength of the anchors. Mining at the 103 working face results in an increase in deformation and support pressure requirements in the surrounding rock, and thus the working resistance of the cable anchors generally increases. e working resistance of the monitored bolt is generally 7-19 t, with an average of 11.05 t, which is 46.04% of its tensile strength.
e working resistance of the cable anchors is generally 13-29 t, with an average of 17.14 t, which is 34.28% of its tensile strength. e working resistance of bolts and cable anchors has not been fully exerted, mainly because the overall pretensioning force of the anchor support system is high and the support stiffness is large. is provides higher support resistance to surface breakage in the surrounding rocks over time, effectively restraining any shallow deformation that may lead to deeper breakage or failure. Importantly, this design improves the self-supporting ability of the rock, reducing deformation around the roadway. is reduction in deformation also provides an explanation for why the working resistance of the anchors is not fully exerted. Finally, the support strength of the cable anchor support system exceeds the support requirements of the gob-side entry (103 working face).
Monitoring Results and Analysis of Surrounding Rock
Deformation. Figures 20 and 21 show the monitoring results of surrounding rock deformation during the whole process of driving along the gob-side entry, from roadway excavation to mining. e monitoring results at the two stations show that roof-to-floor convergence is low. For example, at station #2, the convergence is 126 mm, with an approach rate of only 3.71% during the whole process from excavation to mining. e average subsidence at station #3 is only 70.5 mm. e average displacement of a small pillar side along the goaf is 109 mm, and the average displacement of the 103 solid coal side is 93 mm. e deformation of the side of the small pillar is relatively large, especially in the early stage of roadway excavation, and the deformation rate of the pillar is also relatively large. As the roadway excavation time increases, the deformation rate of the side of the small pillar gradually decreases. Although the roadway is influenced by the significant mining depth and current mining at the 101 working face, the convergence deformation in rock surrounding the roadway is very small, indicating that the current support Advances in Materials Science and Engineering parameters and support strength meet the roadway support requirements (return air way) along the gob of the 103 working face. e pretensioning force of the anchors is relatively high as a whole, which increases support stiffness and strength.
is not only provides time-sensitive support to the shallow surrounding rock of the roadway but also prevents deepening of breakage in the surrounding rock. e self-supporting ability of the surrounding rock is therefore improved as the range of loosening, deformation, and failure is effectively brought under control. e overall support strategy is therefore effective.
Conclusions
(1) Numerical simulation of the gob-side entry of the 103 working face, when subjected to multiple dynamic loads, shows that the plastic zone and displacement of the rock surrounding the roadway gradually increase with increasing dynamic load. During the service period, the roadway will undergo many dynamic loads and it can be expected that the plastic zone will gradually increase, along with deterioration in the mechanical properties of the surrounding rock. e increasing trend does abate over time (Figure 4 ) (2) e support strength and stiffness of the bolt support system should be increased to restrain the deterioration in mechanical properties of rock surrounding the gob-side entry. is will reduce the overall deformation and damage in the surrounding rock. As part of this strategy, yielding bolts (cable anchors) with large shrinkage should be adopted. Any unnecessary supporting loads should also be removed to prevent failure of cable anchors or rock failure under large loads (3) Bolt support optimization design of the gob-side entry of the 103 working face was carried out with the concept of overall coupling to equalize ground pressure. is was based on the characteristics of the damage range and serious deformation in rock surrounding the gob-side entry under dynamic load. e optimized bolt support system has high support strength and stiffness even when the surrounding rock is allowed to deform and hence is a successful design (4) In-field application and monitoring of the optimized support design show that significant pretensioning of bolts and cables can be effective, reaching 20.83% and 22.96% of their tensile strengths, respectively. During the whole process from excavation to mining, the average of roof-to-floor convergence of the roadway is 126 mm, and the average rib side convergence is 198.3 mm. e optimized support design therefore satisfies the support requirements of the rock surrounding the gob-side entry of the 103 working face, effectively reducing the potential loosening, deformation, and failure of the surrounding rock. Additionally, more research work needs to be done for understanding this issue
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